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Herpesvirus nucleocapsids assemble in the nucleus but mature to infectious virions in the cytoplasm. To gain
access to this cellular compartment, nucleocapsids are translocated to the cytoplasm by primary envelopment
at the inner nuclear membrane and subsequent fusion of the primary envelope with the outer nuclear
membrane. The conserved viral pUL34 and pUL31 proteins play a crucial role in this process. In their absence,
viral replication is strongly impaired but not totally abolished. We used the residual infectivity of a pUL34-
deleted mutant of the alphaherpesvirus pseudorabies virus (PrV) for reversion analysis. To this end, PrV-
�UL34 was serially passaged in rabbit kidney cells until final titers of the mutant virus PrV-�UL34Pass were
comparable to those of wild-type PrV. PrV-�UL34Pass produced infectious progeny independently of the
pUL34/pUL31 nuclear egress complex and the pUS3 protein kinase. Ultrastructural analyses demonstrated
that this effect was due to virus-induced disintegration of the nuclear envelope, thereby releasing immature and
mature capsids into the cytosol for secondary envelopment. Our data indicate that nuclear egress primarily
serves to transfer capsids through the intact nuclear envelope. Immature and mature intranuclear capsids are
competent for further virion maturation once they reach the cytoplasm. However, nuclear egress exhibits a
strong bias for nucleocapsids, thereby also functioning as a quality control checkpoint which is abolished by
herpesvirus-induced nuclear envelope breakdown.

Morphogenesis of herpesvirus particles proceeds in two dif-
ferent cellular compartments (reviewed in references 17a, 18,
and 19). Autocatalytic assembly of capsids as well as cleavage
and encapsidation of newly replicated viral genomic DNA
takes place in the nuclei of infected cells, whereas subsequent
virion morphogenesis, including the acquisition of major por-
tions of the tegument and final envelopment, occurs in the
cytoplasm. To leave the nucleus and gain access to the cytosol,
nucleocapsids have to cross the nuclear envelope in a process
designated nuclear egress. This comprises the acquisition of a
primary envelope by budding at and fission from the inner
nuclear membrane (INM), resulting in the formation of an
enveloped virus particle residing between the two leaflets of
the nuclear envelope. The primary envelope then fuses with
the outer nuclear membrane (ONM), releasing the nucleocap-
sid into the cytoplasm for further maturation. Although the
molecular details of nuclear egress are not yet clear, it is
conserved within the herpesviruses. Homologs of the herpes
simplex virus 1 (HSV-1) proteins pUL34 and pUL31 are cru-
cial for nuclear egress in all herpesviruses analyzed in this
respect (1, 2, 4, 5, 9, 15, 20, 21, 22, 23). pUL34, a tail-anchored
membrane protein, which is targeted to the nuclear envelope,
forms a heterodimeric complex with the nucleoplasmic pUL31.
Formation of this nuclear egress complex (NEC) is a prereq-
uisite for proper positioning of both complex partners at the
INM, recruitment of viral and/or cellular kinases for local
dissolution of the nuclear lamina, modification of host cell

chromatin, and efficient nuclear egress of nucleocapsids (re-
viewed in reference 19). Coexpression of pUL34 and pUL31
from the alphaherpesvirus pseudorabies virus (PrV) resulted in
the formation of vesicles from the INM resembling primary
envelopes, which indicates that these two viral proteins are
required and sufficient for the budding process (11). Whereas
these vesicles may also fuse with the ONM without the involve-
ment of other viral proteins, fusogenic glycoproteins gB and
gH might enhance the efficiency of this process in HSV-1 (3)
but are apparently not involved in nuclear egress of PrV (8).
Besides these conserved herpesviral proteins, the pUS3 pro-
tein kinase, which is present only in the alphaherpesviruses,
has been shown to be involved in nuclear egress. In its absence,
primary enveloped virions accumulate in the perinuclear cleft,
indicating an impairment of fusion of the primary envelope
with the ONM (10, 22, 25).

Besides the widely accepted nuclear egress pathway via pri-
mary envelopment-deenvelopment-reenvelopment, exit of in-
tranuclear capsids through grossly dilated nuclear pores has
been proposed for HSV-1 and bovine herpesvirus 1 (16, 26), as
has transport of (primary) enveloped HSV-1 virions via the
endoplasmic reticulum (ER) and Golgi apparatus within the
secretory pathway (6).

In PrV, which is relevant in agriculture as the causative
agent of Aujeszky’s disease in swine (17), productive replica-
tion is severely impaired in the absence of the NEC but not
completely abolished. Deletion mutants lacking pUL34 and/or
pUL31 produce infectious progeny, though at 3- to 4-log-re-
duced titers compared to wild-type PrV (4, 9, 11). This residual
infectivity allowed us to use reversion analysis by repeated
passages in cell culture cells, i.e., evolution in vitro, to check
whether the requirement for the NEC can be overcome and
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whether nuclear egress would be possible via alternative
routes.

MATERIALS AND METHODS

Cells and viruses. Wild-type PrV strain Kaplan (PrV-Ka) (7) was used
throughout these studies. Mutants PrV-�UL34 (10) and PrV-�UL31 (4) have
been described elsewhere. To facilitate further manipulation, mutant PrV-
�UL34Pass-Bsa was isolated by selection of nonfluorescent progeny after
cotransfection of DNA from PrV-�UL34Pass, which carries a green fluorescent
protein (GFP) expression cassette at the UL34 locus (Fig. 1A), with a recombi-
nation plasmid containing a 5.5-kb BstEII fragment lacking an 825-bp SalI/BsaBI
fragment from the UL34 gene region (Fig. 1A). Transgenic RK13 cells consti-
tutively expressing pUL34 (RK13-UL34) or containing a genomic fragment
comprising genes UL31 to UL35 (RK13-DrdI) have been described elsewhere
(4, 9, 11). PrV-�UL34Pass-�UL31 was isolated after cotransfection of PrV-
�UL34Pass-Bsa DNA with recombination plasmid pUC-�UL31gfp carrying a
GFP expression cassette at the UL31 locus and subsequent selection for auto-
fluorescent plaques. To this end, flanking regions of the UL31 open reading
frame were amplified by PCR using primers del31_1 (5�-CACAGGATCCAAC
TGCGCCTTCATCAACG-3�; nucleotides [nt] 28038 to 28057; accession no.
BK001744) (14) and del31_2 (5�-CACAGGATCCGGTGGTGCGAAAGAAG
GGAG-3�; nt 28819 to 28838) comprising the 3� part of the UL30 open reading
frame and del31_3 (5�-CACACTGCAGCGCTCAAACGTAGCTGCCG-3�; nt
29478 to 29496) and del31_4 (CACAAAGCTTCTCGTGGACGGCAGCGG-3�;
nt 30480 to 30497) covering the 3� part of the UL32 gene (Fig. 1B). Primer
del31_3 was designed with a mismatch (shown in bold), resulting in mutation of

the UL31 start codon from ATG to ACG without affecting the overlapping UL32
open reading frame. PCR fragments were eluted, cleaved with the corresponding
restriction enzymes for which sites were provided with the primers (restriction
sites underlined; see above), and successively cloned into pUC19. The GFP
cassette under the control of the immediate-early promoter/enhancer complex
from human cytomegalovirus was inserted as a BamHI/PstI fragment, giving rise
to plasmid pUC-�UL31gfp. PrV-�UL34Pass-�US3 (Fig. 1C) was isolated after
cotransfection of PrV-�UL34Pass-Bsa DNA with pUC-�US3gfp (10) and selec-
tion for autofluorescent plaques.

One-step growth analysis. Confluent monolayers of RK13 or RK13-DrdI cells
were infected at a multiplicity of infection (MOI) of 5 with PrV-Ka or the
indicated mutants and incubated on ice for 1 h. Thereafter, the inoculum was
removed, prewarmed medium was added, and cells were incubated for one
additional hour at 37°C. Extracellular virus was inactivated by low-pH treatment,
and cells and supernatant were harvested either immediately (0 h) or after 4, 8,
12, 24, and 36 h. Progeny virus titers were determined by plaque assays on RK13
or RK13-DrdI cells (11). Mean values of two independent experiments and the
corresponding minimum and maximum values were plotted.

Western blot analysis. Cells were lysed approximately 18 h after infection with
the indicated viruses at an MOI of 5. Lysates were harvested as described
previously (4), separated in sodium dodecyl sulfate-10% or 12% polyacrylamide
gels, blotted, and incubated with monospecific anti-pUL34 (dilution, 1:50,000
[9]), anti-pUL31 (dilution 1:50,000 [4]), anti-US3 (1:50,000 [10]), anti-UL25
(1:50,000 [12]), or anti-UL37 (1:100,000 [13]) rabbit sera. Bound antibody was
detected with peroxidase-conjugated anti-rabbit antibodies (Dianova, Hamburg,
Germany) and visualized by chemiluminescence (Super Signal; Pierce, Bonn,
Germany) recorded on X-ray films.

FIG. 1. Diagram of mutant viruses. The PrV genome consisting of long (UL) and short (US) unique regions and inverted repeat sequences (IR
and TR), as well as location and numbering of BamHI restriction fragments, is shown. Locations of the genomic regions shown enlarged are
indicated. (A) UL34 gene region with relevant restriction sites. Open reading frames are drawn as rectangles. The regions which had been deleted
for generation of PrV-�UL34 (SalI/SphI) and PrV-�UL34Pass-Bsa (SalI/BsaBI) are delineated by dashed lines. Insertion of the reporter gene in
PrV-�UL34 is indicated. (B) UL31 gene region and relevant restriction sites. Locations of primers used for amplification of UL31 flanking regions
are indicated by bent arrows. Deletion of UL31 coding sequences is shown by dashed lines, and insertion of the GFP expression cassette is
indicated. (C) Substitution of US3 coding sequences between the dashed lines with a GFP reporter cassette is indicated (10).
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Electron microscopy. RK13 or RK13-UL34 cells were infected with PrV-
�UL34 which had been propagated on pUL34-expressing cells, PrV-�UL31
which had been propagated on pUL31-expressing cells, PrV-�UL34Pass, PrV-
�UL34Pass-�UL31, PrV-�US3, or PrV-�UL34Pass-�US3 at an MOI of 1 and
processed for electron microscopy 14 h after infection as described previously
(9). Counterstained ultrathin sections were analyzed with a transmission electron
microscope (Philips Tecnai 12; Eindhoven, the Netherlands).

RESULTS

Isolation and characterization of PrV-�UL34Pass. We used
the residual infectivity of PrV-�UL34 for serial passaging in
rabbit kidney (RK13) cells by initial repeated trypsinization
and reseeding of infected cells followed by passaging of super-
natants after a complete cytopathic effect had developed. The

titer of infectious progeny rose until it remained stable at
approximately wild-type levels after ca. 90 passages (Fig. 2).
From this virus population, six single plaques were picked and
analyzed by Southern blotting, Western blotting, and one-step
replication kinetics (data not shown). Since they were identical
in these assays, one isolate was randomly chosen, designated
PrV-�UL34Pass, and used for further studies.

Compared to the parental virus PrV-�UL34 which, in non-
complementing cells, reached titers of only 103 PFU/ml (Fig.
3A), PrV-�UL34Pass showed one-step replication kinetics
similar to those of PrV-Ka with final titers of approximately 107

PFU/ml (Fig. 3A). Titers of PrV-�UL34 were elevated to
wild-type levels on complementing RK13-DrdI cells, whereas
kinetics and final titers of PrV-�UL34Pass were unchanged
(Fig. 3B). Thus, PrV-�UL34Pass replication occurs indepen-
dently of pUL34.

To assess whether PrV-�UL34Pass still lacked pUL34, in-
fected cell lysates were immunoblotted with a monospecific
anti-pUL34 rabbit serum (9). As shown in Fig. 4, in PrV-Ka-
infected cells, pUL34 was readily detectable as a ca. 28-kDa
protein. No pUL34-specific immunoreactivity was evident in
cells infected by PrV-�UL34 or PrV-�UL34Pass. In contrast,
the pUL34 complex partner pUL31 was present in both lysates.
Demonstration of pUL25 and pUL37 served as loading con-
trols.

Replication of PrV-�UL34Pass does not require the NEC.
To assay whether the other component of the NEC, pUL31,
was also dispensable for replication of PrV-�UL34Pass, we
first isolated a deletion mutant of PrV-�UL34Pass devoid of
GFP expression by cotransfection of PrV-�UL34Pass DNA
with a recombination plasmid lacking a SalI/BsaBI fragment
comprising codons 1 to 256 of the 262-amino-acid pUL34 open
reading frame, yielding PrV-�UL34Pass-Bsa (Fig. 1A). Be-
sides facilitating subsequent deletion of other viral genes using
GFP as a marker, this also removed most of the UL34 se-
quences retained in PrV-�UL34 (Fig. 1A). Subsequently, the

FIG. 2. Selection of PrV-�UL34Pass. Rabbit kidney (RK13) cells
were infected with PrV-�UL34 and passaged by initial repeated
trypsinization and reseeding of infected cells followed by passaging of
supernatants after a complete cytopathic effect had developed. Extra-
cellular infectivity was determined on RK13 cells. After ca. 90 pas-
sages, virus progeny was plaque purified and further analyzed.

FIG. 3. One-step growth kinetics of wild-type and mutant viruses. RK13 (A) or RK13-DrdI (B) cells were infected with PrV-Ka, PrV-�UL34,
or PrV-�UL34Pass at an MOI of 5 and analyzed at the indicated times after low-pH treatment. The cells were lysed by freezing and thawing, and
progeny virus titers were determined on RK13-DrdI cells by plaque assays. Mean values of at least two independent experiments were calculated,
and corresponding minimum and maximum values were plotted.
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UL31 gene was removed from PrV-�UL34Pass-Bsa and re-
placed by a GFP expression cassette (Fig. 1B). Absence of
pUL31 and pUL34 from PrV-�UL34Pass-�UL31 was verified
by immunoblotting (Fig. 4, lane 5). As shown in Fig. 5A,
one-step replication kinetics of PrV-�UL34Pass-Bsa and PrV-
�UL34Pass-�UL31 on noncomplementing cells were nearly

identical, with final titers slightly below 106 PFU/ml (Fig. 5A).
Replication of either virus was not altered on pUL34- and
pUL31-expressing cells (Fig. 5B), demonstrating that replica-
tion occurred independently of the NEC. In contrast, PrV-
�UL34 and PrV-�UL31 reached wild-type-like titers only on
complementing cells (Fig. 5B), whereas in noncomplementing
cells titers were ca. 1,000-fold lower (Fig. 5A).

To test whether the pUS3 kinase is involved in PrV-
�UL34Pass replication, a corresponding deletion mutant, PrV-
�UL34Pass-�US3 (Fig. 1C), was isolated and absence of the
protein was verified by immunoblotting (Fig. 4). PrV expresses
two isoforms of pUS3, resulting in two protein products of
different sizes (24). Both isoforms are absent in cells infected
with the pUS3 deletion mutants. In one-step replication kinet-
ics, deletion of pUS3 decreased replication of PrV-Ka and
PrV-�UL34Pass-Bsa by roughly 10- to 50-fold (Fig. 5A), indi-
cating similar involvements of pUS3 in replication of either
virus.

NEC-independent nuclear egress of PrV-�UL34Pass occurs
by fragmentation of the nuclear envelope. The data so far
demonstrated that the formation of infectious virus progeny at
wild-type levels occurred independently of the NEC in PrV-
�UL34Pass-infected cells. To analyze in detail how PrV-
�UL34Pass matures, ultrastructural analyses were performed
by transmission electron microscopy of RK13 cells 14 h after
infection with PrV-�UL34 or PrV-�UL34Pass. As observed
before (9), in PrV-�UL34-infected cells nucleocapsids are un-
able to leave the nucleus, which is bounded by an intact nuclear
envelope even late in infection (Fig. 6A). In contrast, in cells
infected with PrV-�UL34Pass, approximately half of infected
cell nuclei showed disruptions of the nuclear envelope (Fig. 6B
and C). Mature genome-containing C capsids as well as ge-
nome-less immature empty A and scaffold-containing B cap-
sids were detectable in the cytoplasm undergoing secondary
envelopment (Fig. 6C to E). Thus, PrV-�UL34Pass was able to
replicate independently of the NEC since capsids gained access

FIG. 4. Immunoblots of infected cells. RK13 cells infected at an
MOI of 5 with PrV-Ka (lane 1), PrV-�UL34 (lane 2), PrV-�UL34Pass
(lane 3), PrV-�UL31 (lane 4), PrV-�UL34Pass-�UL31 (lane 5), PrV-
�US3 (lane 6), or PrV-�UL34Pass-�US3 (lane 7) were lysed 18 h
postinfection, and proteins were separated on SDS-10% or 12% poly-
acrylamide gels. Parallel blots were incubated with rabbit sera raised
against pUL34, pUL31, pUS3, pUL25, or pUL37. The locations of
molecular mass markers are indicated on the left.

FIG. 5. Growth kinetics of PrV-�UL34Pass-Bsa mutants lacking UL31 or US3. RK13 (A) or RK13-DrdI (B) cells were infected with PrV-Ka,
PrV-�UL34, PrV-�UL31, PrV-�UL34Pass-Bsa, PrV-�UL34Pass-�UL31, PrV-�US3, or PrV-�UL34Pass-�US3 and processed as described in the
legend to Fig. 3.
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to the cytoplasm after disintegration of the nuclear membrane.
No intracytoplasmic capsids were observed in cells with intact
nuclei (see Fig. 8). Disruption of the nuclear envelope was also
observed on pUL34-expressing RK13-UL34 cells (Fig. 7A),
demonstrating that even in the presence of pUL34, PrV-
�UL34Pass maturation entails this novel pathway. In the rem-
nants of the nuclear envelope present after nuclear envelope
breakdown (NEBD), morphologically intact nuclear pores
could still be found (Fig. 6F).

In the absence of pUL31 from wild-type PrV-Ka, nucleo-
capsids are retained in intact nuclei (Fig. 7C) (4), similar to the
situation in the absence of pUL34 (Fig. 6A) (9). Additional
deletion of pUL31 from PrV-�UL34Pass did not alter the
phenotype in infected cells. Disruption of the nuclear envelope
occurred, and secondary envelopment proceeded in the cytosol
(Fig. 7D). Whereas deletion of pUS3 from PrV-Ka resulted in
the expected accumulation of primary enveloped virions in
large invaginations of the INM (Fig. 7E), additional deletion of
pUS3 from PrV-�UL34Pass-Bsa also did not alter the ob-

served phenotype (Fig. 7F). These data corroborate the idea
that PrV-�UL34Pass replicates by a mechanism which is inde-
pendent of the NEC and drastically differs from nuclear egress
as observed in wild-type virus infection.

Nuclear egress via nuclear envelope breakdown abolishes
selection of nucleocapsids for virion formation. In wild-type
PrV-infected cells, genome-less capsids are only rarely ob-
served in the cytoplasm, indicating a quality control at the
stage of nuclear egress (12). In contrast, in PrV-�UL34Pass-
infected cells with NEBD numerous capsid forms lacking DNA
were present in the cytoplasm with or without an envelope.
Quantitation of the different capsid forms present in the nu-
cleus, in the cytoplasm, and in extracellular virions (Fig. 8)
revealed that in PrV-Ka-infected cells, ca. 90% of intracyto-
plasmic and extracellular capsids contain DNA. In PrV-
�UL34Pass-infected cells with NEBD, ca. 30% of these cap-
sids lack DNA, indicating a significant impairment of selection
of mature capsids for final envelopment in the cytoplasm. Cells
infected with PrV-�UL34Pass showing intact nuclei do not

FIG. 6. Ultrastructural analysis of PrV-�UL34Pass-infected cells. RK13 cells infected with PrV-�UL34 (A) or PrV-�UL34Pass (B to F) at an
MOI of 1 were analyzed 14 h after infection by transmission electron microscopy. (A) An intact nucleus with trapped nucleocapsids is shown. (B) A
partially dissolved nucleus. (C to E) Remnants of the nuclear envelope are visible together with capsids in the cytoplasm (C), several of them
undergoing envelopment, magnified in panels D and E. (F) Morphologically intact nuclear pores in nuclear envelope fragments are labeled by
arrows. Bars, 5 �m (A and B), 2 �m (C), 500 nm (D and E), and 200 nm (F).
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FIG. 7. Ultrastructural analysis of cells infected with PrV mutants. RK13-UL34 cells infected with PrV-�UL34Pass (A and B), as well as RK13
cells infected with PrV-�UL31 (C), PrV-�UL34Pass-�UL31 (D), PrV-�US3 (E), or PrV-�UL34Pass-�US3 (F), at an MOI of 1 were analyzed
14 h after infection by transmission electron microscopy. Bars, 5 �m (A), 500 nm (B and D), 3.7 �m (C), 1.5 �m (E), and 3 �m (F).
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contain cytoplasmic capsids equaling cells infected with PrV-
�UL34. Thus, regulated primary envelope-mediated nuclear
egress serves to discriminate mature from immature capsids
for translocation into the cytoplasm to continue virus matura-
tion.

DISCUSSION

The salient findings reported here are as follows. (i) Serial
passaging of a UL34 deletion mutant of PrV in RK13 cells
resulted in a mutant virus, PrV-�UL34Pass, which was able to
produce infectious progeny similar to wild-type PrV in the
absence of pUL34. (ii) Neither pUL34 nor pUL31 is required
for replication of PrV-�UL34Pass in RK13 cells. Thus, the
conserved herpesviral NEC is not required for PrV-
�UL34Pass replication. (iii) Nuclear egress of PrV-
�UL34Pass occurs via disintegration of the nuclear envelope
and direct access of capsids to the cytoplasm. (iv) Nuclear
escape via disintegration of the nuclear envelope impairs se-
lection of mature nucleocapsids for final envelopment.

The exit pathway of herpesvirus nucleocapsids, which assem-
ble in the nucleus of infected cells, to the cytoplasmic matura-
tion compartment has long been discussed. An initial proposal
which included budding of nucleocapsids at the INM followed
by lumenal transport through the ER and Golgi apparatus
along the secretory pathway (6) was shown to be inconsistent
with the apparent lack of integrity between enveloped virus
particles in the perinuclear cleft, which contain the NEC com-
ponents pUL34 and pUL31, and mature extracellular virions,
which do not (reviewed in references 17a, 18, and 19). To
consider the fact that primary and mature herpesvirus virions
differ in their composition and to accommodate ultrastructural
and biochemical data (reviewed in reference 19), a model has

been proposed which also entails budding at the INM leading
to (primary) enveloped virions in the perinuclear cleft. This,
however, is followed by fusion of the primary envelope with the
ONM and translocation of the nucleocapsid to the cytosol.
Egress of nucleocapsids via grossly dilated nuclear pores has
been observed by one group (16, 26). Moreover, it is unclear
whether nuclear egress serves to transport nucleocapsids from
one maturation compartment to another or whether it entails
maturational steps of the nucleocapsid by addition, e.g., of
tegument proteins, or modification by viral and/or cellular en-
zymes during nuclear egress.

Our data show a mechanism by which capsids of a mutant
herpesvirus gain access to the cytoplasm by disintegration of
the nuclear envelope. This nuclear escape does not require the
NEC, which mediates regulated nuclear egress. The fact that
disintegration of the nuclear envelope and, thus, breaking the
barrier between the nuclear and cytoplasmic compartments
appears sufficient to rescue the nuclear egress defect otherwise
associated with pUL34 and/or pUL31 deletion mutants indi-
cates that intranuclear capsids are maturation competent once
they reach the cytoplasm. Thus, the observed disintegration of
the nuclear envelope apparently compensates for the con-
trolled, primary envelope-mediated transfer of nucleocapsids
to the cytosol which occurs in wild-type herpesvirus-infected
cells. However, we cannot exclude the possibility that during
passaging another compensatory mutation(s) with relevance
for capsid maturation may also have been acquired.

Formation at and fission from the INM of membranous
vesicles resembling primary envelopes require only pUL34 and
pUL31 (11). However, the NEC is also involved in recruiting
viral and cellular proteins for altering nuclear architecture,
including local dissolution by phosphorylation of lamins A and
B and chromatin displacement to allow access of intranuclear
nucleocapsids to the primary envelopment site (reviewed in
references 18 and 19). Since the NEC is neither required nor
beneficial for nuclear egress of PrV-�UL34Pass, these func-
tions are either not needed or are compensated for by other
viral or cellular proteins. Apparently, the requirements for
nuclear escape via disintegration of the nuclear envelope and
for regulated primary envelope-mediated nuclear egress are
strikingly different. This is also demonstrated by the lack of
influence of a pUS3 deletion on nuclear escape, whereas it
impairs deenvelopment of primary virions following the “clas-
sical” pathway. However, absence of pUS3 from PrV-Ka or
PrV-�UL34Pass impaired viral replication, leading to de-
creased viral titers, indicating that this defect is obviously not
correlated with exit of capsids from the nucleus.

If nuclear egress can occur efficiently by disruption of the
nuclear envelope, why did herpesviruses invent an elaborate
mechanism for translocation through the intact nuclear enve-
lope? There are several possible explanations for this conun-
drum. First, as is true for all viruses, herpesvirus replication is
dependent on the function of the cellular metabolism. Early
dissolution of the nuclear envelope resulting in breakdown of
cellular compartmentalization could, under natural conditions,
strongly impair the formation of virus progeny. This could
correlate with the inability of our passaged mutant virus to
induce NEBD in cells other than those it was selected in.
Second, herpesviruses evolved together with their host to
maintain themselves in an intricate form of parasitism without

FIG. 8. Quantitation of different capsid forms. Electron micro-
scopic images of RK13 cells infected with PrV-Ka, PrV-�UL34, and
PrV-�UL34Pass were used to count different capsid forms (empty A
capsids, scaffold-containing B capsids, and DNA-containing C capsids)
in the nucleus and nonenveloped and enveloped particles in the cyto-
plasm as well as in the extracellular space. Capsids in 10 cells per assay
were counted. The total numbers of capsids counted were 666 for cells
infected with PrV-Ka, 954 for PrV-�UL34-infected cells, 580 for PrV-
�UL34Pass-infected cells with intact nuclei (PrV-�UL34Pass-int.; all
intranuclear), and 1,188 for PrV-�UL34Pass-infected cells with dis-
rupted nuclei (PrV-�UL34Pass-disr.).

VOL. 85, 2011 pUL31/UL34-INDEPENDENT NUCLEAR EGRESS OF PrV 8291



doing excess harm to the host. Latency shows this to perfec-
tion. This is also realized by regulated nuclear egress. Third,
the ancestors of herpesviruses may have left their prokaryotic
hosts by budding at the cell membrane, just as many eukaryotic
viruses do, and not by lysis. This might be reflected by the
primary envelopment-deenvelopment pathway. Fourth, dra-
matic disruptions of cellular compartmentalization could trig-
ger innate antiviral responses detrimental for virus replication.

However, we cannot exclude that under certain circum-
stances wild-type herpesviruses may use the mechanism that
we uncovered in PrV-�UL34Pass. In our mouse model of
intranasal alphaherpesvirus infection, PrV-�UL34Pass proved
to be innocuous even when given at doses higher than those of
wild-type PrV (data not shown). Thus, the phenotype that we
selected for in RK13 cells appears not to compensate for
pUL31/pUL34 function in vivo. Alternatively, we may have
uncovered a mechanism which is cell type specific. First studies
indeed show that in host cells other than RK13, which was used
for the selection, PrV-�UL34Pass nucleocapsids are incapable
of or at least significantly less efficient in reaching the cyto-
plasm, indicating a cell-type-specific effect. This also applies to
explanted rat neurons, which do not support productive repli-
cation of PrV-�UL34Pass (data not shown). A cell-type-de-
pendent requirement for the NEC has been described before
(16a), although this was not related to NEBD.

Intriguingly, despite extensive plaque purifications, the phe-
notype observed after infection of RK13 cells with PrV-
�UL34Pass is not uniform. Whereas in ca. 50% of infected
cells the nuclear envelope is disrupted, the other half still
retains an intact nucleus with nucleocapsids trapped inside,
i.e., a PrV-�UL34 phenotype. It is currently unclear whether
this is simply reflecting a temporal difference or whether some
nuclei are indeed refractory to envelope disruption by PrV-
�UL34Pass.

The nature of the compensatory mutation(s) that we se-
lected for is unclear at present. Disintegration of the nuclear
envelope occurs in PrV-�UL34Pass-infected cells only and not
in cells infected with either wild-type PrV-Ka or UL31 or
UL34 deletion mutants. Thus, it is clearly induced by infection
with PrV-�UL34Pass. We are currently trying to pinpoint the
mutation(s) in PrV-�UL34Pass which is responsible for this
phenotype and identify potential cellular targets. These data
should give further insight into the property of herpesviruses to
modulate the host cell nucleus for their own benefit.
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